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EHWZHHQWKHRXWSXWFXUUHQWDQGYROWDJHRID39PRGXOH7KHPDLQHTXDWLRQIRUWKHRXWSXWFXUUHQWRIDPRGXOHLV>@
ܫ଴ ൌ ݊௣ܫ௣௛ െ ݊௣ܫ௥௦ሾ݁ݔ݌ሺ௞బ௏Ȁ௡ೞሻ െ ͳሿ  
ZKHUH , LV WKH 39 DUUD\ RXWSXW FXUUHQW 9 LV WKH 39 RXWSXW YROWDJH ,SK LV WKH FHOO SKRWRFXUUHQW WKDW LV
SURSRUWLRQDOWRVRODULUUDGLDWLRQ,UVLVWKHFHOOUHYHUVHVDWXUDWLRQFXUUHQWWKDWPDLQO\GHSHQGVRQWHPSHUDWXUH.RLVD
FRQVWDQWQV UHSUHVHQWV WKHQXPEHURI39FHOOV FRQQHFWHG LQ VHULHV DQGQS UHSUHVHQWV WKHQXPEHURI VXFK VWULQJV
FRQQHFWHGLQSDUDOOHO
,QWKHFHOOSKRWRFXUUHQWLVFDOFXODWHGIURP
ܫ௣௛ ൌ ሾܫ௦௖௥ ൅ ݇௜ሺܶ െ ௥ܶሻሿݏȀͳͲͲ  
:KHUH,VFULVFHOOVKRUWFLUFXLWFXUUHQWDWUHIHUHQFHWHPSHUDWXUHDQGUDGLDWLRQ
.LLVVKRUWFLUFXLWFXUUHQWWHPSHUDWXUHFRHIILFLHQW
7ULVFHOOUHIHUHQFHWHPSHUDWXUH
6LVVRODULUUDGLDWLRQLQPLOOLZDWWVSHUVTXDUHFHQWLPHWHU
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ܫ௥௦ ൌ ܫ௥௥ ቀ ்்ೃቁ
ଷ ݁ݔ݌ሺ௤ா೒௞஺ ሻሾ
ଵ
்ೃ െ 
ଵ
்ሿ  
:KHUH
75LVFHOOUHIHUHQFHWHPSHUDWXUH
,UULVUHYHUVHVDWXUDWLRQDW7U
(JLVEDQGJDSHQHUJ\RIWKHVHPLFRQGXFWRUXVHGLQWKHFHOO
)RUVLPXODWLRQVDQGWKHH[SHULPHQWDOVHWXSDOVR WKH.&7PRGXOHZDVFKRVHQ7KHHOHFWULFDOSDUDPHWHUVDUH
WDEXODWHGLQ7DEOHDQGWKHUHVXOWDQWFXUYHVDUHVKRZQLQ)LJDDQGE,WVKRZVWKHHIIHFWRIYDU\LQJZHDWKHU
FRQGLWLRQVRQ033ORFDWLRQDW,±9DQG3±9FXUYHV
7DEOH(OHFWULFDO3DUDPHWHUVRI.&70RGXOH
0D[LPXP3RZHU3PD[ :
9ROWDJHDW0339PSS 9
&XUUHQWDW033,PSS $
2SHQFLUFXLWYROWDJH9RF 9
6KRUW&LUFXLWFXUUHQW,VF $

)LJVKRZV WKHFXUUHQWYHUVXVYROWDJHFXUYHRID39PRGXOH ,WJLYHVDQ LGHDDERXW WKHVLJQLILFDQWSRLQWVRQ
HDFK,±9FXUYHRSHQFLUFXLWYROWDJHVKRUWFLUFXLWFXUUHQWDQGWKHRSHUDWLQJSRLQWZKHUHWKHPRGXOHSHUIRUPVWKH
PD[LPXPSRZHU0337KLVSRLQWLVUHODWHGWRDYROWDJHDQGDFXUUHQWWKDWDUH9PSSDQG,PSSUHVSHFWLYHO\DQG
LVKLJKO\GHSHQGHQWRQVRODULUUDGLDWLRQDQGDPELHQWWHPSHUDWXUH>@


)LJ0D[LPXPSRZHUZLWKYDU\LQJZHDWKHUFRQGLWLRQV>íƕ&íƕ&@D,±9FXUYHVE3±9FXUYHV
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

)LJ&XUUHQWYHUVXVYROWDJHFXUYHRID39PRGXOH
,WLVFOHDUWKDWWKH033LVORFDWHGDWWKHNQHHRIWKH,±9FXUYHZKHUHWKHUHVLVWDQFHLVHTXDOWRWKHQHJDWLYHRI
GLIIHUHQWLDOUHVLVWDQFH>@>@
௏
ூ  
௏
ூ   
7KLV LV IROORZLQJ WKHJHQHUDO UXOHXVHG LQ WKH3	2PHWKRG LQZKLFK WKHVORSHRI WKH39FXUYHDW WKH033LV
HTXDOWR]HUR
ௗ௉
ௗ௏   
(TXDWLRQFDQEHUHZULWWHQDVIROORZV
ௗ௉
ௗ௏ ,
ௗ௏
ௗ௏9
ௗூ
ௗ௏  
ௗ௉
ௗ௏ ,9
ௗூ
ௗ௏  
DQGKHQFH
,9ௗூௗ௏   
ZKLFKLVWKHEDVLFLGHDRIWKH,QF&RQGDOJRULWKP
2QHQRWHZRUWK\SRLQWWRPHQWLRQLVWKDWHTXDWLRQRUUDUHO\RFFXUVLQSUDFWLFDOLPSOHPHQWDWLRQDQGDVPDOO
HUURULVXVXDOO\SHUPLWWHG>@7KHVL]HRIWKLVSHUPLVVLEOHHUURUHGHWHUPLQHVWKHVHQVLWLYLW\RIWKHV\VWHP7KLV
HUURU LV VHOHFWHG ZLWK UHVSHFW WR WKH VZDS EHWZHHQ VWHDG\VWDWH RVFLOODWLRQV DQG ULVN RI IOXFWXDWLQJ DW D VLPLODU
RSHUDWLQJSRLQW
,WLVVXJJHVWHGWRFKRRVHDVPDOODQGSRVLWLYHGLJLW>@>@7KXVFDQEHUHZULWWHQDV
,9ௗூௗ௏ H  
,QWKLVSDSHUWKHYDOXHRI³H´ZDVFKRVHQDVRQWKHEDVLVRIWKHWULDODQGHUURUSURFHGXUH7KHIORZFKDUWRI
WKH,QF&RQGDOJRULWKPZLWKLQWKHGLUHFWFRQWUROPHWKRGLVVKRZQLQ)LJ$FFRUGLQJWRWKH0337DOJRULWKPWKH
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GXW\F\FOH'LVFDOFXODWHG7KLVLVWKHGHVLUHGGXW\F\FOHWKDWWKH39PRGXOHPXVWRSHUDWHRQWKHQH[WVWHS6HWWLQJ
DQHZGXW\F\FOHLQWKHV\VWHPLVUHSHDWHGDFFRUGLQJWRWKHVDPSOLQJWLPH
&XUUHQW%DVHG3HDN3RZHU7UDFNHU6KRUW&LUFXLW&XUUHQW0HWKRG
7KLV PHWKRG H[SORLWV WKH DVVXPSWLRQ RI OLQHDU UHODWLRQVKLS EHWZHHQ WKH ³FHOO FXUUHQW FRUUHVSRQGLQJ WR WKH
PD[LPXPSRZHU,03´DQGWKHFHOOVKRUWFLUFXLWFXUUHQW,6&
7KLVUHODWLRQVKLSFDQEHH[SUHVVHGDV,03 .,6&ZKHUH.LVFDOOHGWKHFXUUHQWIDFWRU
3HDN3RZHURIWKHPRGXOHOLHVDWDERXWRILWVVKRUWFLUFXLWFXUUHQW

D


E

   

F


G


)LJD399ROWDJHZLWK0337&RQWUROOHU E39&XUUHQWZLWK0337&RQWUROOHUF393RZHUZLWK0337&RQWUROOHU G,QFUHPHQWDO
&RQGXFWDQFH0337
,QVWDQWDQHRXVFRQGXFWDQFH:HKDYH3 9,$SSO\LQJWKHFKDLQUXOHIRUWKHGHULYDWLYHRISURGXFWV\LHOGVWR
డ௉డ௏ ൌ ሾ
డሺ௏ூሻ
డ௏ ሿ
$W033DV39 WKHDERYHHTXDWLRQFRXOGEHZULWWHQLQWHUPVRIDUUD\YROWDJH9DQGDUUD\FXUUHQW,DV,9
 ,9
7KH0337UHJXODWHVWKH3:0FRQWUROVLJQDORIWKHGF±WR±GFERRVWFRQYHUWHUXQWLO WKHFRQGLWLRQ,9
,9 LVVDWLVILHG
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6LPXODWLRQ5HVXOWV
7KHGLDJUDPRIWKHFORVHGORRSV\VWHPGHVLJQHGLQ0$7/$%DQG6LPXOLQNLVVKRZQLQ)LJZKLFKLQFOXGHV
WKH39PRGXOHHOHFWULFDOFLUFXLWWKH&XNFRQYHUWHUDQGWKH0337DOJRULWKP7KHFRQYHUWHUFRPSRQHQWVDUHFKRVHQ
DFFRUGLQJWRWKHYDOXHVSUHVHQWHGLQ6HFWLRQ,,

)LJ'LDJUDPRIWKHFORVHGORRSV\VWHP
7KH39PRGXOH LVPRGHOHGXVLQJHOHFWULFDOFKDUDFWHULVWLFV WRSURYLGH WKHRXWSXWFXUUHQWDQGYROWDJHRI WKH39
PRGXOH7KHSURYLGHGFXUUHQWDQGYROWDJHDUHIHGWRWKHFRQYHUWHUDQGWKHFRQWUROOHUVLPXOWDQHRXVO\
7KH3,FRQWUROORRSLVHOLPLQDWHGDQGWKHGXW\F\FOHLVDGMXVWHGGLUHFWO\LQWKHDOJRULWKP7RFRPSHQVDWHWKHODFN
RI3,FRQWUROOHULQWKHSURSRVHGV\VWHPDVPDOOPDUJLQDOHUURURILVDOORZHG
:KHQPRGXOHVDUHFRQQHFWHGLQVHULHVWKHWRWDOYROWDJHLVWKHVXPRIHDFKPRGXOHYROWDJHEXWWKHFXUUHQWVWD\V
FRQVWDQW DQG LW LV WKH VPDOOHVW FXUUHQWRI DPRGXOH DYDLODEOH LQ WKH FRQILJXUDWLRQ ,Q WKHKDUGZDUH FRQILJXUDWLRQ
WKHUHDUHIRXUPRGXOHVFRQQHFWHGLQVHULHV)LJVKRZVWKHEORFNGLDJUDPRIWKH0337V\VWHPZLWKGLUHFWFRQWURO
XVLQJD&XNFRQYHUWHU
7KHVDPSOLQJWLPHRIWKHV\VWHPLVFKRVHQWREHVZKLFKLVWKHUHTXLUHGWLPHIRUWKHGHVLJQHG&XNFRQYHUWHU
WRUHDFKWKHVWHDG\VWDWHFRQGLWLRQ
7KHVLPXOLQNEORFNVKRZQLQILJFRPSULVHVRID39DUUD\0337$OJRULWKPDQGD%XFN%RRVWFRQYHUWHUZLWK
UHVSHFWWRYROWDJHFXUUHQWDQGWKHLUVFRSHVZLWKDQGZLWKRXWWKH0337$OJRULWKP


)LJ'LUHFWFRQWUROPHWKRGXVHGLQWKH0337
powergui
Discrete,
s = 1e−005 s.
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
)LJ6LPXODWLRQ'LDJUDPIRU7KH,QFUHPHQWDO&RQGXFWDQFH0HWKRG
7KH VLPXODWLRQ UHVXOWV IRU WKH YROWDJH FXUUHQW DQG SRZHU  ZLWK DQG ZLWKRXW XVLQJ WKH 033 7HFKQLTXH DUH
GHSLFWHGLQ)LJEGIYL]	)LJDFHUHVSHFWLYHO\,WLVFOHDUWKDWWKHRXWSXWVREWDLQHGXVLQJWKH
0337HFKQLTXHLVVXEVWDQWLDOO\KLJKZKHQFRPSDUHGWRWKDWRIWKHUHVXOWVREWDLQHGZLWKRXWXVLQJLW
7DEOH&RPSDULVRQRI,QFUHPHQWDOFRQGXFWDQFH	6KRUWFLUFXLWFXUUHQW
6SHFLILFDWLRQ ,QFUHPHQWDO&RQGXFWDQFH 6KRUW&LUFXLW&XUUHQW
(IILFLHQF\ +LJKDERXW /RZDERXW
&RPSOH[LW\ 'LIILFXOW\ 9HU\6LPSOH
5HDOL]DWLRQ 0RUH&RPSOH[ (DV\
&RVW +LJK&RVW 5HODWLYHO\ORZHU
5HOLDELOLW\ $FFXUDWH 1RW$FFXUDWH
5DSLGO\&KDQJLQJ *RRGDQGDXWRPDWLFDOO\ )DVWHU5HVSRQVH
$WPRVSKHUH $GMXVWV9ROWDJH 0RGXOHVRSHUDWLQJ
&RQFOXVLRQ
,Q WKLV SURMHFW VKRUW FLUFXLW FXUUHQW DQG LQFUHPHQWDO FRQGXFWDQFH 0337 PHWKRGV DUH XVHG $W FRQVWDQW
WHPSHUDWXUH DQG LUUDGLDQFH VKRUW FLUFXLW FXUUHQW0337PHWKRG LV HIILFLHQW HFRQRPLFDO DQG VLPSOHEXW DW YDU\LQJ
WHPSHUDWXUHDQLUUDGLDQFHLQFUHPHQWDOFRQGXFWDQFHLVPRUHHIILFLHQWWKRXJKLWLVFRPSOH[DQGFRVWOLHU&RPSDUHGWR
VKRUWFLUFXLWFXUUHQW0337PHWKRGLQFUHPHQWDOFRQGXFWDQFHPHWKRGLVPRUHHIILFLHQWDQGDFFXUDWH

3+27292/7$,&6<67(0&RQWLQXRXV
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H I
)LJD399ROWDJHZLWKRXW0337&RQWUROOHUE399ROWDJHZLWK0337&RQWUROOHUF39&XUUHQWZLWKRXW0337&RQWUROOHUG39&XUUHQW
ZLWK0337&RQWUROOHUH393RZHUZLWKRXW0337&RQWUROOHU I393RZHUZLWK0337&RQWUROOHU
5HIHUHQFHV
>@ :DL5-:DQJ:+/LQ&<+LJKSHUIRUPDQFHVWDQGDORQHSKRWRYROWDLFJHQHUDWLRQV\VWHP,(((7UDQV,QG(OHFWURQ
±
>@ ;LDR:'XQIRUG:*3DOPHU35&DSHO$5HJXODWLRQRISKRWRYROWDLFYROWDJH,(((7UDQV,QG(OHFWURQ±
>@ 0XWRK1,QRXH7$FRQWUROPHWKRGWRFKDUJHVHULHVFRQQHFWHGXOWUDHOHFWULFGRXEOHOD\HUFDSDFLWRUVVXLWDEOHIRUSKRWRYROWDLFJHQHUDWLRQ
V\VWHPVFRPELQLQJ0337FRQWUROPHWKRG,(((7UDQV,QG(OHFWURQ±
>@ )DUDQGD5/HYD60DXJHUL903377HFKQLTXHVIRU396\VWHPV(QHUJHWLFDQG&RVW&RPSDULVRQ0LODQR,WDO\(OHFW(QJ'HSW
3ROLWHFQLFRGL0LODQR±
>@ <DQ=)HL/-LQMXQ<6KDQ[X'6WXG\RQUHDOL]LQJ0337E\LPSURYHGLQFUHPHQWDOFRQGXFWDQFHPHWKRGZLWKYDULDEOHVWHSVL]HLQ3URF
,(((,&,($±
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>@ /LX)'XDQ6/LX)/LX%DQG<.DQJ<$YDULDEOHVWHSVL]H,1&0337PHWKRGIRU39V\VWHPV,(((7UDQV,QG(OHFWURQ
±
>@ *RQ]iOH]/RQJDWW)00RGHORISKRWRYROWDLFPRGXOHLQ0DWODELQGRFRQJUHVRLEHURDPHULFDQRGHHVWXGLDQWHVGHLQJHQLHUÕDFXWHD
HOpFWULFDHOHFWUyQLFD\FRPSXWDFLyQLLFLEHOHF±
>@ (VUDP7&KDSPDQ3/&RPSDULVRQRISKRWRYROWDLFDUUD\PD[LPXPSRZHUSRLQWWUDFNLQJWHFKQLTXHV,(((7UDQV(QHUJ\&RQYHUV
±
>@ 6DODV92OLDV(%DUUDGR$/D]DUR$5HYLHZRIWKHPD[LPXPSRZHUSRLQWWUDFNLQJDOJRULWKPVIRUVWDQGDORQHSKRWRYROWDLFV\VWHPV6RO
(QHUJ\0DWHU6RO&HOOV±
>@3HWURQH*6SDJQXROR*7HRGRUHVFX59HHUDFKDU\0DQG09LWHOOL05HOLDELOLW\LVVXHVLQSKRWRYROWDLFSRZHUSURFHVVLQJV\VWHPV,(((
7UDQV,QG(OHFWURQ±
>@+XD&/LQ-6KHQ&,PSOHPHQWDWLRQRID'63FRQWUROOHGSKRWRYROWDLFV\VWHPZLWKSHDNSRZHUWUDFNLQJ,(((7UDQV,QG(OHFWURQ
±
>@1RJXFKL77RJDVKL61DNDPRWR56KRUWFXUUHQWSXOVHEDVHGPD[LPXPSRZHUSRLQWWUDFNLQJPHWKRGIRUPXOWLSOHSKRWRYROWDLFDQG
FRQYHUWHUPRGXOHV\VWHP,(((7UDQV,QG(OHFWURQ±
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